Influence of positioning in some 2D/3D rotational measures of the lower limbs by Caseiro, Gabriel Lourenço Proença
  
 
 
 
 
 
 
UNIVERSIDADE DE COIMBRA 
Faculdade de Ciências e Tecnologia 
 
Mestrado Integrado em Engenharia Biomédica 
 
 
INFLUENCE OF POSITIONING IN SOME 2D/3D 
ROTATIONAL MEASURES OF THE LOWER LIMBS 
 
 
 
 
 
Gabriel Lourenço Proença Caseiro - 2008101015 
July 26, 2012 
 
 
 
Advisor: Doutora Ana Cristina Santos 
1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Esta cópia da tese é fornecida na condição de que quem a consulta reconhece que os direitos de 
autor são pertença do autor da tese e que nenhuma citação ou informação obtida a partir dela pode 
ser publicada sem a referência apropriada. 
This copy of the thesis has been supplied on condition that anyone who consults it understands that 
its copyrights belong to the author and that no quotation from the thesis and no information 
obtained from it may be published without proper acknowledgement. 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aos meus amados Pais, 
À minha Avó. 
3 
 
 
Agradecimentos 
 
Devo começar por agradecer à Doutora Ana Cristina Santos, pela sua enorme 
disponibilidade e preocupação. 
Quero igualmente agradecer ao Engenheiro Christophe Gomes, pela sua 
notável orientação neste projecto e por me ter concedido o privilégio de trabalhar 
com ele e com o extraordinário grupo de pessoas que encontrei na empresa EOS 
Imaging. Aprendi que o ambiente que se constrói no relacionamento entre cada um 
dos colegas de trabalho é uma alavanca quando se pretende produzir bom trabalho 
científico. Não posso deixar de lembrar a Sra. Marie de La Simone, pela confiança 
que depositou em mim e pelos conhecimentos que me permitiu adquirir. 
Ao meu companheiro de aventuras, Rui Rolo. A verdade é que se a nossa 
amizade não existísse, tudo teria sido bastante mais complicado. Isto foi feito muito 
graças a ti. 
Agradeço à minha “menina”, o seu sorriso e por nunca me ter deixado cair em 
nenhum dia. Agradeço tudo, mesmo que insignificante aos teus lindos olhos. 
Faço questão de me dirigir aos meus amigos. À malta de Aveiro e de Coimbra. 
Aqueles com quem sempre contei. Aqueles que, ainda longe, me ouviram. O que 
partilharam comigo. Agradeço o existirem. 
Agradeço à família Gonçalves, por todo o apoio e dedicação. 
É evidente que me dirijo à minha família, toda, sem excepção. No entanto, à 
minha tia Albertina, agradeço toda a ajuda. Ao meu irmão, agradeço por me 
impressionar. Aos meus Pais e Avós; em quem encontrei força, motivação e 
inspiração quando mais precisava. Os conselhos, a esperança e o carinho; o vosso 
Amor…Sou um privilegiado, e todos os dias faço para ser digno de o merecer. 
 
Bem-haja a todos! 
4 
 
 
Resumo 
 
Quando comparamos a tecnologia EOS com a tomografia computorizada, 
apercebemo-nos de que esta última apresenta limitações óbvias: a irradiação, o custo 
e o facto de que os doentes têm de estar em posição horizontal. É fundamental ter em 
conta a posição do doente na medição de parâmetros pélvicos e dos membros 
inferiores, tais como a torção femoral e o ângulo femoral mecanico-anatómico, nas 
suas posições naturais. 
Os métodos avaliados neste trabalho baseiam-se no sistema EOS. Este 
dispositivo de imagem consiste num braço biplanar que se move verticalmente, e no 
qual estão montados dois sistemas radiográficos de aquisição. O doente é examinado 
em posição de carga ou sentado no centro da cabine, permitindo a realização 
simultânea de duas radiografias de corpo inteiro ou de uma zona anatómica 
específica. 
Este sistema de aquisição tem ainda a vantagem de utilizar uma menor dose de 
radiação do que os sistemas de radiografia convencionais. 
 
Palavras-chave: EOS, reconstrução 3D, posição de carga, membros inferiores, 
baixa dose de raios-X 
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Abstract 
 
When we compare the EOS technology with CT, we realize that the last one 
has obvious limitations: the irradiation, the cost and the fact that the patients are lying 
down. It is crucial to take into account the patient's position when measuring 
parameters of the pelvis and lower limbs, such as femoral torsion and femoral 
mechanical-anatomical angle, in its natural positions.  
The methods evaluated in this paper are based on the EOS system. This 
imaging device consists of a bi-planar arm that moves vertically, upon which two 
radiographic acquisition sets are coupled. The patient is scanned in weight-bearing 
position or seated in the center of the cabin, allowing simultaneous acquisition of two 
total body scans or one particular anatomic area. 
This acquisition system has also the advantage of giving off less radiation than 
conventional radiographic systems. 
 
Keywords: EOS, 3D reconstruction, weight-bearing position, lower limbs, low 
dose X-ray 
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CHAPTER 1     INTRODUCTION 
 
1.1. Motivation 
 
Nowadays, doctors use imaging methods widely to perform reliable 
diagnostics. The many methods at their disposal (MRI, radiology, ultrasound, CT) are 
complementary with each other, since the images they generate do not return the 
same information. 
Historically, one of the first medical imaging techniques is radiography which 
was largely developed by Wilhelm Roentgen in late 19
th
 century. The other 
techniques have not been developed until much later in the course of the 20
th
 century. 
Even if now we can “see” through soft tissue due to radiography, its main use is the 
observation of the bone structure of a patient to detect fractures and/or 
diseases/abnormalities of the bone tissue. 
Radiology has changed since its beginning and many different techniques have 
been developed afterwards. In addition to plain radiographs, computed tomography 
(or CT scan), produces 3D images. All these techniques use ionizing x-rays, making 
examination of the human body invasive. 
The company EOS Imaging focuses on medical imaging through x-ray. In this 
context, it develops and markets an imaging system called EOS
TM
 and 3D 
reconstruction software named SterEOS
TM
 for musculoskeletal applications [1]. This 
methodology has the advantage of using very low doses of irradiation to the human 
body which is positive in the context where the harmfulness of nuclear imaging 
techniques raises questions [2]. 
Indeed, taking x-ray in weight-bearing position provides new information on 
support structures, mainly of the spine and lower limbs, being the most interesting 
applications. The joints most commonly studied nowadays are the hip and knee, but 
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in the near future reconstruction will be possible for the entire skeleton and new 
applications will then see the day [3]. 
After analyzing some medical needs, bibliographic research and experiments 
were made in this context, and their results will be described becoming the axis of 
future research. 
 
 
1.2. Aims 
 
I have been under the supervision of the clinical studies responsible, as well as 
of the marketing director. At this department, the goal is to help doctors to submit 
articles, to publish them and to present them at conferences, in order to promote the 
company. 
I have been in permanent contact with the medical staff at a private clinic and 
of a public hospital that uses the EOS system. One of my missions was to always 
ensure the satisfaction of the medical staffs, as well as to find possible “bugs” and 
technical problems of the system. 
In order to achieve these goals, I cooperated with the development team, which 
helped me with some manipulations of the EOS device and also during the design of 
the knee’s slice processing software. 
Since my application to this training period, I found innovative technologies 
inside the company, and together we agreed to implement several tasks, including: 
- clinical validation of the 3D modeling software SterEOS; 
- design of a Matlab prototype to do surgical planning of lower limbs; 
- management of the references database. 
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CHAPTER 2     STATE OF THE ART 
 
2.1. Spinal balance and hip complications 
 
Spinal balance is the manifestation of a postural strategy conditioned by 
anatomic and functional characteristics, sometimes very different from one person to 
another. Degeneration of this steady state, often associated with spinal aging, can 
generate a cascade of functional, neurological, and mechanical events [4]. The role of 
the pelvic area in spinal balance is evident for surgeons, who consider sacral slope, 
pelvic incidence and pelvic tilt in their surgery planning and analysis [5, 6]. 
Human beings are the only vertebrates to maintain an upright, totally vertical, 
bipedal position under the force of gravity. Unlike other vertebrates, the human spine 
comprises successive opposing curves which allow the trunk to maintain an erect 
position. Lumbar lordosis, for example, is found in no other primate species [7]. 
The erect position is linked with pelvic rotation and enlargement, associated 
with modifications of the spinal sagittal curvatures and muscle adaptations [8]. 
Human bipedalism is exclusive, stable and ergonomic. In order to maintain this 
posture for prolonged periods, the erect position should be economical in terms of 
energy expenditure. To correctly analyze the erect posture, it is necessary to define 
spinal and pelvic parameters, and to correlate those parameters with global ones in a 
weight-bearing position. 
Since Hippocrates provided a precise description of the segments and normal 
curves of the spine over 2000 years ago, clinicians have attempted to understand the 
mechanics underlying spinal balance [9]. In order to maintain the standing up 
position, for any individual, there will be an optimal combination of spinal, spino-
pelvic and lower limb joint alignments, requiring the least muscle energy expenditure 
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combined with the least discomfort, potentially caused by stretching of ligaments and 
joints. 
The influence of the coxofemoral joint is underestimated and inadequately 
explained by conventional radiology. These anatomic and functional considerations 
often remain unfamiliar to hip surgeons, who focus on the bone landmarks of the 
pelvis for their navigation. The anteroposterior or frontal image of the pelvis is the 
“gold standard”; a lateral view of the pelvic area is rarely used [10]. 
The hip joint, instead of only being considered as a joint allowing femoral 
movement against a fixed pelvis, should be taken as a joint that allows rotation of the 
pelvis against fixed femurs [11]. Rotation of the hip joint can, therefore, be 
considered as a fundamental factor that can interfere with the spinal shape through 
the pelvic anatomy. 
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2.2. Osteoarthritis of the hip and knee 
 
Osteoarthritis (OA) is the most common rheumatic disease, and it is becoming 
a major public health problem with the ageing of the population and the growing 
incidence of obesity in developed countries [12]. Treatment aims both to reduce 
symptom severity and to prevent or slow down disease progression and loss of 
activity. 
Many therapies have been proposed with different levels of evidence; however, 
there is still no treatment with proven efficacy in preventing, stopping, or retarding 
the disease process. 
The structural process in OA affects cartilage, which is decreased in quality 
and thickness. Other structures may be involved in the damage observed in OA, 
including subchondral bone, articular capsule, synovia, meniscus and soft 
periarticular tissues. 
 
Hip OA is very common. The prevalence of symptomatic hip OA increases 
dramatically with age. 
Recently published recommendations advocate the use of manual or digitalized 
measurement of joint space at the narrowest point on plain radiographic views of the 
pelvis [13]. However, there remains uncertainty concerning the optimal view in order 
to perform the correct measurement. 
 
Knee osteoarthritis is the most common joint disorder, being characterized by 
abnormal articular cartilage and subchondral bone of the tibiofemoral joint [14]. 
There is growing evidence that several biomechanical factors contribute to the 
development of knee osteoarthritis [15]. 
There are several studies pointing out the relationship between the lower limb 
torsion, axial plane coverage of the hip and osteoarthritis of the hip [16, 17], as well 
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as a study reporting the relationship between femoral torsion and knee osteoarthritis 
[18]. In addition, there is a high probability of coincidental diagnosis of primary 
osteoarthritis of the hip and knee of the same limb, both at clinical and/or 
radiographic evaluations. 
Knee OA also substantially increases the risk of disability due to other medical 
conditions [19]. Due to the aging of the population, the prevalence of OA is expected 
to increase substantially in the upcoming decades. 
Malalignment (valgus or varus) of the knee is assumed to correlate with 
unicompartmental OA of the knee. However, it is still unknown whether it precedes 
the development of radiographic OA, whether it is a result of OA, or (even more 
likely) whether the relationship between malalignment and OA is bidirectional. A 
reason for the relatively small number of epidemiologic studies dealing with 
malalignment might be that it is mainly measured by means of the hip-knee-ankle 
(HKA) angle on full-limb radiographs, assessing the mechanical axis in the knee. 
Full-limb radiographs are used specifically to determine the HKA angle and, in 
most cases, to surgically adjust this angle. However, this method is heavy, requires 
specialized equipment and expertise, and it is expensive (particularly for large 
epidemiologic studies). 
In clinical practice, obtaining anteroposterior (AP) knee radiographs is the 
most common way to evaluate knee OA radiographically. These radiographs are also 
used in most large epidemiologic studies. On AP radiographs, the femorotibial (FT) 
angle can be measured, defining the anatomic axis in the knee. It was recently shown 
that this method correlates moderately with measurement of the HKA angle on full-
limb radiographs [20]. Even more recently, Hinman et al. [21] confirmed, in another 
study, that the anatomic axis is a valid alternative to the HKA angle for determining 
frontal plane knee alignment. This method, however, has not been used to determine 
the influence of alignment on the development of knee OA. 
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2.3. Femoral torsion 
 
It has been shown that abnormal anteversion of the femoral neck correlates 
with several disease processes. Osteoarthritis of the hip and knee, slipped capital 
femoral epiphysis, knee and patella instability, and in or out-toeing gait patterns have 
all been shown to correlate with abnormal femoral neck version [22, 23]. Accurate 
assessment of femoral neck version may be important for guiding diagnosis as well as 
treatment [24]. 
Although computed tomography (CT) has been regarded by some researchers 
as the gold standard, no study has proven that CT measurement of anteversion is 
correlated with any other relevant variable. Furthermore, although multiple 
techniques for measurement of version have been described [25, 26], there still 
remains no consensus on the imaging modality to choose. 
In clinical practice, the physical examination findings and injury patterns of 
patients with hip pathology have been inconsistent with the CT and magnetic 
resonance imaging (MRI) assessment of femoral neck version. These observations 
have led to the suspicion that these particular imaging modalities may provide an 
inaccurate description of true femoral rotational anatomy. 
The idea that CT and MRI are not adequate modalities has also been suggested 
in many other studies, flaws of these techniques contributing to the controversy. The 
challenge of accurately summarizing the three-dimensional rotational anatomy of the 
femur using a single number is reflected in the multiple existing methods used to 
measure anteversion on CT or MRI [27]. 
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2.4. Total knee arthroplasty 
 
In total knee arthroplasty (TKA), the aim is to restore the mechanical axis with 
a joint space parallel to the ground. Perpendicular resection of the distal femur 
relative to the mechanical axis of the femur (FMA) is necessary. When using an 
intramedullary guiding system, the surgeon needs to know the angle between the 
anatomical axis of the femur (given by intramedullary axis) and the FMA. For this 
purpose, taking radiographies of the hip and lower extremities while the patient is 
standing is recommended in the pre-operative period [28].  
Surgeons tend to regard this procedure as heavy and perform instead the distal 
femoral resection as a routine.  
Recently, measurement of femoral axis through radiographies and CT scout 
films in knee replacement was reported as a reliable method [29]. However the 
clinical validity of this technique is yet unclear. 
Many variables, including the surgeon’s skill, can impact upon prosthetic 
longevity and patient outcome [30]. Nevertheless, the factor of greatest importance 
during total knee arthroplasty remains the prosthetic alignment, and in particular, 
femoral component alignment is crucial to function and long-term survival [31]. 
Total knee arthroplasty (TKA) is a very successful procedure and implant 
survival now approaches 95% at 15 years (Figure 1) [32]. The success of this 
procedure involves pain relief, improved function and implant longevity, and is 
correlated with prosthetic, patient and surgical factors. 
The relationship between implant malalignment and longevity has been 
previously described. For example, deviations of coronal alignment greater than 3° of 
varus have been correlated with poorer implant survival [33]. 
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Deviations of mechanical axis from the neutral position are associated with 
patterns of femorotibial tracking, which is associated with abnormal stresses at the 
bearing surface that can lead to faster wear [34]. A number of studies have reported 
that even in major arthroplasty centers the incidence of unacceptable implant 
alignment may exceed 25%, thus potentially exposing a large number of patients to 
reduced implant longevity [35]. 
Achieving a near neutral mechanical axis is the aim. However, this has not 
been the subject of much investigation and what has been reported to date remains 
inconclusive. 
 
 
 
Figure 1: Total knee arthroplasty procedure. 
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CHAPTER 3     TECHNOLOGY AND CLINICAL CONTEXT 
 
3.1. EOS Imaging 
 
Since 1959, Georges Charpak, physicist, is involved in CERN, Conseil 
Européen pour la Recherche Nucléaire. He worked over thirty years on the detection 
of particles and has numerous patents on different devices, including the proportional 
multiwire chamber, who afterwards allow him to receive the Nobel Prize in 1992. He 
found the company Biospace in 1989, which was renamed recently EOS Imaging. 
EOS Imaging is a medical imaging company whose ambition is to be a leading 
global player in the musculoskeletal segment. To achieve this purpose, two types of 
medical devices referred as EOS and SterEOS have been developed in partnership 
with two academic laboratories, ENSAM (École Nationale Supérieure des Arts et 
Métiers) in Paris and ETS (École des Technologies Supérieures) in Montréal. 
 
EOS is a revolutionary system of low dose imaging that combines the use of 
the particles’ detector by Georges Charpak to an acquisition technique by linear 
sweep. With these two innovations, EOS allows simultaneous acquisition of two 
images, frontal and lateral, of the full body, with up to 10 times less dose than a 
radiographic film, without compromise of image quality (Figure 2). 
 
SterEOS is a single workstation which allows to reconstruct the 3D model of 
the patient’s skeleton in the anatomical position, from two images acquired with low-
dose EOS. Over 100 clinical measures of angles and lengths are automatically 
calculated from the 3D reconstruction. 
Both medical devices designed by EOS Imaging allow a range of medical 
specialties including orthopedics to access new functional information unavailable 
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with existing modalities. EOS and SterEOS thus offer new perspectives both for the 
diagnosis, treatment planning and monitoring procedure. 
With radiation doses from 100 to 1000 times lower than conventional scanners, 
EOS produces digital whole body radiographs and restores from two plane views the 
three-dimensional structure of the skeleton in its natural position. After a prototyping 
phase and clinical essays, the company engages in the industrial and commercial 
development of EOS, which intends to become within 5 years the reference for the 
examination of the musculoskeletal system. 
 
 
 
 
 
 
 
Figure 2: EOS cabin. 
 
The device multiple applications, both in physiology, bone and joint 
pathologies, bring a new field of investigation. The major advantage of the system is 
the considerable decrease in x-ray doses, with known risks, ranging from a reduction 
factor of 10 for 2D conventional radiographies to a factor of 800 to 1000 for 3D 
reconstructions obtained subsequently (CT). These reconstructions also have the 
disadvantage of being used only in the supine position. 
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3.2. EOS System: a musculoskeletal imaging device 
 
Operating characteristics 
 
The x-ray machine EOS has three characteristics that are unique and that make 
it a particularly innovative device: the possibility of obtaining radiographs using a 
lower dose of radiation, the simultaneous acquisition of two x-ray head to feet, and 
finally, the reconstruction using its dedicated software, SterEOS, which allows 
obtaining a 3D image of the bone structures. 
 
A low dose x-ray machine 
 
The first innovation introduced by the EOS radiographic system is the 
considerable reduction of x-ray dose received by the patient: 8 to 10 times less than 
for conventional radiography. 
This was made possible by the gas detectors (Figure 3) invented by Georges 
Charpak. These sensors allow the conversion, in a pressurized gas such as xenon, of 
x-photons into electrons. These electrons are amplified by the avalanche effect, which 
means they are multiplied in the electric field and detected by an adapted electronic 
circuit. These detectors are, therefore, sensitive to a single x-photon and allow to 
obtain an image using a very low patient irradiation. They are more directional and 
are thus insensitive to scattered radiation, which allows the acquisition of high-
quality images. 
Finally, thanks to the strong sensitivity of the detectors, the resulting images 
have a very important number of discernable gray levels: 30 to 50 000, against the 
order of one hundred levels for a traditional radiological film. The display on a digital 
screen allows selecting the range of gray levels that are needed for analysis and thus 
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varying the contrast of the image. The low dose is a major asset to the field of 
pediatric radiology in terms of patient irradiation. 
 
 
Figure 3 : Principle of the Charpak’s particle detector. 
 
Simultaneous images of frontal and lateral views in standing position 
 
The device is a cabin containing two orthogonal sets, each one composed of an 
x-ray source and detector, physically attached for shooting at the same time frontal 
and lateral images (Figure 4). The patient is placed inside the cabin while the two 
images are taken simultaneously and thus there is no need to change his position. 
The x-ray source emits a vertically collimated beam of photons in the form of a 
very fine trapeze, horizontally extended. Each set source/detector performs a vertical 
scan of about 10 cm/sec, which gives a fast image of the patient from head to feet. 
The direction of the emitted beam has two major advantages. First, it 
contributes to the reduction of x-ray dose, since each emitted photon is captured by 
the detector with a significant decrease of the scattered radiation. Second, the vertical 
scanning beam eliminates the distortion inherent to the projection of an object in a 
plane by a divergent beam. This divergence is still present horizontally, but a 
software has been set up to resize the image and to correct the magnification in the 
horizontal direction, this in a reference plane chosen by the user. 
This leads to two simultaneous images of the patient standing or sitting and 
without magnification. 
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Figure 4 : Vertical linear scanning sources/detectors. 
 
 
 
 
3D reconstruction with the software SterEOS 
 
Dimensional reconstruction is obtained from face/lateral calibrated 
radiographic images given by the EOS (Figure 5). Since the physical link between the 
source-detector, the spatial position of sensors and x-ray sources are well known, the 
radiographic settings are pre-calibrated. 
The reconstruction begins with the identification over the radiographic images 
of reference points and specific anatomical contours. Some reference points are 
identifiable simultaneously on the two radiographic images (stereo-corresponding 
points) and are associated with a specific anatomical point; others can only be 
associated with a region. 
The projection of the x-rayed bone, identified reference points and outlines on 
it are compared with those of a virtual object, called generic object, which has an 
approximate shape. This object will be distorted, first by a succession of translations, 
rotations, dilations, and then by a nonlinear deformation until a superposition of real 
and virtual boundaries is achieved. 
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This generic object could be obtained from a 3D CT reconstruction of an 
anatomic specimen or from a statistical model. It is defined by the coordinates of a 
cloud of points distributed on its surface (400 to 9000 points, depending on the 
complexity of the object). Solving this problem requires complex algorithms and a 
deep understanding of bone structures. 
3D reconstruction can be achieved within an acceptable 15 to 30 minutes for a 
complete spine, for example, and provides a 3D virtual object whose surface areas are 
associated with known anatomical areas. This allows then, using appropriate 
software, to perform measurements on the object in three dimensions (measurements 
of lengths or angles between the mechanical axes of certain bones). This new 
information will surely bring orthopedists to change their treatment practices. 
 
 
 
 
 
 
 
 
 
Figure 5 : SterEOS workstation (left) and a full body 3D reconstruction (right). 
 
Clinical Applications 
 
The main applications of the imaging system EOS are associated with bone and 
joint structures of the trunk and lower limbs. Indeed, taking radiographs in the 
standing position provides new information, mainly for the structures of the spine and 
legs. 
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The joints most commonly studied today are hip and knee, but in the near future 
the reconstruction will be possible for the entire skeleton and new applications will 
then see the day. For now, the major advances over conventional radiography were 
the reduction of radiation dose, which is of interest in pediatric orthopedics, the 
possibility of obtaining images of bone structures in 3D and the possibility of obtain 
an overall analysis of patient position and relationship between the joints. 
 
The pediatric orthopedics 
 
Reducing the radiation dose is particularly useful for young patients who are 
more sensitive and affected by repeated irradiation. Indeed, certain organs, such as 
the genitals, are very sensitive and the risk of infertility exists. In addition, these 
patients are object of regular monitoring through their growth to control the disease 
progression, and this often requires repeated imaging tests. This is particularly true 
for scoliotic patients whose spinal deformity worsens throughout growth and more 
strongly in puberty. Therapeutic monitoring during this period is on average every six 
months and may become trimestral if the pathology changes quickly. 
 
Three-dimensional vision 
 
Three-dimensional reconstruction provides a new perspective on the treatment 
of diseases because it provides new and measurable information. 
With conventional radiography, the clinician has, in the best scenario, two 
radiographs (anteroposterior and lateral) to make a diagnosis and choose the 
appropriate therapeutic treatment. For some anatomical regions, the lateral view is 
not functional, as in the case where the pelvis bone contours overlay makes difficult 
the readability and interpretation of such radiographs. But even two radiographs in 
two different projections do not allow a complete and accurate vision of 
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deformations; to understand an entire three-dimensional problem, at least three views 
are necessary. 
The contribution of 3D vision of the skeleton is particularly relevant in 
orthopedics for each one of the anatomical areas studied: the spine, pelvis and lower 
limbs. 
In the case of the spine, the interest of EOS for the treatment of idiopathic 
scoliosis (with no clear causal agent) by reducing the radiation dose was mentioned 
earlier, but the reconstruction is also a substantial improvement. Indeed, in the case of 
scoliotic patients, the spinal deformity is not two-dimensional, as is has often been 
considered, but three-dimensional, and associates the rotation of vertebrae from each 
other in all three spatial directions. 
In figurative ways, a scoliotic spine can be represented as a non-stretched 
twisted rope. The 3D image of the spine allows to know the plan of the space in 
which the deformation is most important, to quantify this deformation and to know 
the axial rotation of vertebrae involved. 
Hip diseases are diverse but we can distinguish two particularly relevant: in 
children, congenital malformation of the bones that generally require heavy 
correction operations such as osteotomies (the bone is cut, reshaped or partially 
removed to realign the load-bearing surfaces of the joint) of the pelvis or proximal 
femur; in adults, it is usually osteoarthritis that would dominate and lead to total hip 
arthroplasty (replacing the entire hip joint with an artificial hip). 
In each case, the imaging requested examination is generally limited to a 
frontal radiograph of the pelvis, where the key element is to assess the coverage of 
the femoral head by the acetabulum. This poses several problems: first, a single view 
leaves many uncertainties to the interpretation of radiography, and secondly the 
image obtained is highly dependent on patient position, as in the case where the 
pelvis is not parallel to the radiography’s plane. 
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The geometry of lower limbs also involves three-dimensional phenomena, 
which are generally distortions or imbalances leading to premature wear of the knee 
joint. Knowledge of bone deformities angles or angles between the femur and tibia is 
essential to assess the correct angle to be provided on pre-operative planning, in order 
to restore the mechanical equilibrium of the leg during a femoral or tibial osteotomy 
or during a total knee arthroplasty. 
 
The overall assessment of the patient's condition 
 
The third innovation introduced by EOS in diagnosis is the possibility of 
obtaining an overall assessment of the patient, which means to understand, just in two 
radiographs, the patient's balance and relationship between joints. Indeed, the overall 
scanning becomes particularly useful because it is performed in standing position, in 
contrast to the scanner that is done in supine position (and remember that it requires 
about 1000 times more radiation) (Figure 6). In effect, the key is to observe the patient 
in weight-bearing position and the changes that may occur in joints’ relationship, in 
order to compensate any pain or stiffness. An abnormality of a joint will affect the 
nearest joints. 
 
  
 
Figure 6 : CT scan (patient in supine position) / EOS scan (patient in standing position). 
 
In the case of the spine, the study in weight-bearing position allows to evaluate 
the severity of a vertebral collapse that is therefore intensified in standing position. 
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Spinal deformities have important consequences on the hip because a change 
on spinal curvature results in a change of pelvis position (which is welded to the last 
lumbar vertebra). This has consequences on the orientation of the acetabulum, and 
thus on the orientation of the femoral neck when standing. 
Hip pathologies may be a consequence of spinal deformities but also the cause 
of knee pathologies that will be neglected if the performed radiograph focuses on the 
hip, as it is usually the case. The origin of the pathologies is rarely unique and joints 
are often closely related. Thus, the patient adapts to a position of minimum effort and 
pain, and the mechanic balance of the skeleton and joints adapts itself to allow the 
patient to preserve maximum mobility. 
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3.3. SterEOS: 3D reconstruction software 
 
SterEOS is a workstation of medical diagnosis created for analysis, 
manipulation, communication and storage of images acquired with different imaging 
devices (except for mammography), such as computed radiography (CR), computed 
tomography (CT), direct radiography (DR) and magnetic resonance imaging (MRI). 
SterEOS comes with a software that supports the evaluation of skeletal 
morphology for creating 3D images from two planar radiographic images obtained 
with the EOS system. The software allows the calculation of several clinical 
parameters of the spine, pelvis and lower limb from the reconstructed 3D image. This 
software is intended to perform an analysis after the acquisition. It is designed to be 
used by clinicians, technicians and research staff. 
The purpose of EOS 3D reconstruction was described above. It allows a semi-
automatic reconstruction of the structures (spine, pelvis and lower limbs), with a 
comprehensive and specific 3D model of each structure. This semi-automation is 
based on an initial solution that the operator must manually edit to get an accurate 
reconstruction in association with 2D radiographs. However, to obtain a precise 
diagnosis, the 3D models delivered by the software SterEOS should always be used 
in combination with the corresponding 2D images. 
In conclusion, the radiography device EOS, combined with 3D reconstruction 
software SterEOS, ensures several technological innovations and offers many 
opportunities in terms of treatment of orthopedic problems by providing new, reliable 
and accurate information. 
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CHAPTER 4     CLINICAL STUDIES 
 
4.1. Pelvic parameters 
 
Pelvic parameters are often associated with alignment problems of the spine 
and complications at the hip [36]. That is why the correct measurement of parameters 
such as the sacral slope, pelvic tilt and pelvic incidence, becomes increasingly 
important. 
  When looking at some images obtained by conventional radiography, doctors 
found that pelvic parameters are overestimated or underestimated by a wrong 
positioning of the patients. According to the literature [37], those must be obtained 
when the patient is viewed by side. More precisely, the acetabulae must appear 
overlapped in the lateral view radiography, which is not always the case. 
 The sacral slope can be defined as the angle between the sacral plate (S1) and a 
horizontal line (Figure 7). 
 
 
Figure 7 : 2D representation of sacral slope. 
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Pelvic tilt is the angle that the line joining the midpoint of the sacral plate and 
the middle axis of the acetabulae makes with a vertical line. To measure it, we start 
by drawing a line across the sacral plate. Then, the middle axis of the acetabulae is 
noted (2) and another line connects it to midpoint of sacral plate (3). Finally, the 
angle between (3) and a vertical line (4) gives us the value of pelvic tilt (Figure 8). 
 
 
Figure 8 : 2D representation of pelvic tilt. 
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Pelvic incidence is defined as the angle between the perpendicular line to the 
midpoint of the sacral plate and the line joining the middle axis of the acetabulae. 
Then, the pelvic incidence is the sum of sacral slope and pelvic tilt. To measure it, we 
start by drawing a line across the sacral plate (1) and a second line is drawn 
perpendicular to this one at its midpoint (2). Afterwards, the middle axis of the 
acetabulae is noted (3) and another line connects it to midpoint of sacral plate (4). 
Finally, the angle between (2) and (4) gives the value of pelvic incidence (Figure 9). 
 
 
Figure 9 : 2D representation of pelvic incidence. 
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The goal of the study was to evaluate the interest of making three-dimensional 
measurements of pelvic parameters using EOS acquisition system. In this context, the 
following questions have emerged: are 3D measurements of pelvic parameters similar 
to those obtained in 2D? Is conventional radiography accurate to measure pelvic 
parameters? Is there a relationship between the measure of these parameters and 
pelvis rotation? 
 
2D vs. 3D measures 
 
For the first part of this work, 80 patients were randomly selected from the 
radiographic database of a public hospital (retrospective study), among patients with 
an EOS acquisition of the full spine. 
The pelvic parameters (pelvic incidence, sacral slope and pelvic tilt) were 
measured by two observers as follows: 2D measure on the side view radiography 
(manual measurement) and then, after 3D reconstruction with SterEOS, on patient’s 
plane projection (semi-automated measurement). 
The intraclass correlation coefficient 
(ICC) was calculated to evaluate the inter-
observer reproducibility.  Later, 2D and 3D 
measures were compared using the t-student 
test for paired samples. 
Pelvis rotation of each patient was 
also measured using 3D software (Figure 10). 
 
 
 
 
 
Figure 10 : Overview of parameters on an 
image of a patient. 
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Influence of rotation on the phantom 
 
The second part of the study was lead on a synthetic radiopaque pelvis 
(Creaplast, Verton, France). This one was imaged with the biplane EOS system in 
different axial rotation positions, ranging from 30° of right rotation to 30°of left 
rotation, at each 3°, relative to the ideal position (orthogonal to the beams) (Figure 11). 
For each of 21 acquisitions, the pelvic parameters were measured on one hand 
by 2D conventional method on the lateral view, and also in 3D using the dedicated 
software. 2D and 3D measurements were compared. 
We wanted to analyze the influence of the rotation applied to the phantom on 
its pelvic parameters in 2D and 3D (Spearman’s rank correlation coefficient was 
calculated). 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 : Pelvic phantom (left) and its radiography obtained by EOS (right). 
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4.2. Femoral mechanical-anatomical angle 
 
The standard way to evaluate lower limb alignment is to obtain a full length 
anteroposterior (AP) radiography of the lower limbs. This method is often used in the 
planning of correction osteotomy or knee arthroplasty. The degree of operative 
correction is based on the angles measured on the radiography, and this is probably 
the most critical and difficult part of a correction. 
Previous biomechanical and clinical studies have demonstrated that optimal 
operative correction is essential for clinical success of distal femur osteotomy, and 
mechanical loosening of knee arthroplasty is related to postoperative alignment [38]. 
However, limb rotation during the radiographic acquisition will affect the 
apparent alignment that is seen [39, 40]. It is unknown how large the effect of 
rotation and flexion is on alignment of the leg. In this study, we suspected the role of 
the sagittal bowing of the femur on provoking this measurement error. 
 
When a patient is diagnosed with an advanced degree of arthritis in the knee, a 
total knee arthroplasty is often required to restore the natural alignment of lower 
limb. 
In the case of the femur, surgeons use a rod that they introduce at the trochlea 
and move through up the femur diaphysis. This rod will serve as a reference to the 
anatomical axis. After that, a section cut at the distal femur is made [41] 
 The femoral mechanical-anatomical (FMA) angle, also known as hip-knee-
shaft (HKS) angle, is defined as the angle between the anatomical and mechanical 
axis of the femur (Figure 12). Surgeons adopt by default a cut angle from 5º to 6º, 
without measuring it or, when they do it, they use a frontal radiography [42]. 
However, some authors affirm that this procedure is not accurate; the angle must then 
be measured in 3D [43]. 
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Figure 12 : Femoral mechanical-anatomical angle. 
 
The purpose of this study was to measure the angle between the mechanical 
and anatomical axes of the femur. Then, it should be possible to verify whether there 
is such dependence between the measurement of the FMA angle and rotation applied 
to the femurs. 
 
Osteoarthritic patients 
 
In the first part, 127 lower limbs of 103 osteoarthritic knees from patients, who 
had undergone a frontal/lateral EOS examination for occasion of a preoperative 
evaluation of total knee arthroplasty, were retrospectively included in the study. For 
patients fitted with a hip or knee implant at the time of examination, only the 
contralateral non-implanted side was used. 
FMA angles of each patient were measured in 2D and 3D as follows: 2D 
measure on frontal view radiography (manual measurement) and then, after 3D 
reconstruction of the femur, on its 3D projection (semi-automated measurement). 
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2D measurement was made between the femoral mechanical axis (joining the 
center of the femoral head to the center of the femoral notch) and the femoral 
anatomical axis (joining the center of the femoral notch to the center of the diaphysis 
at his distal third) (Figure 12). 
3D measurement was made using dedicated software to perform a “fast 3D 
reconstruction” of the femur as described by Chaibi et al. [44]. This consisted in 
identifying on both radiographies some anatomical landmarks: the femoral head, the 
center of the femoral notch, the center of the diaphysis at his distal third, medial and 
lateral condyles. 
2D and 3D measurements were compared and the existence of a bias between 
2D and 3D FMA was checked with the t-student test for paired samples, as well as 
with the Fisher’s exact test for paired samples (in order to compare variances). 
 
Physical models 
 
  Subsequently, the left femurs of 2 patients, who undergone a biplane EOS 
examination and 3D reconstruction, have been rebuilt in form of a physical model by 
stereolithography (Creaplast, Verton, France) (Figure 13). 
These femurs were distinguished mainly by their bowing in the sagittal plane. 
The flat femur had a low curvature (radius of curvature of about 158 cm) while the 
bowed femur presented a significant curvature (radius of curvature of about 72 cm). 
The sagittal bowing was measured on the lateral radiographies following the method 
described by Harma et al.[45]. 
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Figure 13 : A – biplane acquisition, virtual 3D model and physical model of flat femur; B - 
acquisition, virtual 3D model and physical model of bowed femur. 
 
 
Each physical femur model was then imaged in the EOS system in different 
positions of axial ranging from 20° of external rotation to 20° of internal rotation, 
with increments of 5º. Thus, 9 biplane acquisitions of the flat femur and 9 biplane 
acquisitions of the bowed femur were obtained. 
On each acquisition, FMA angle was measured between the femoral 
mechanical axis and femoral anatomical axis, first in 2D on the anteroposterior view, 
and also in 3D using dedicated software. 
2D and 3D measurements were compared, including checking whether there 
was an influence of the FMA angle on rotation applied to femurs, using the 
Spearman’s rank correlation coefficient. SPSS 15.0 (SPSS, Chicago, IL) software 
package was used to perform the statistical analysis. 
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4.3. Femoral torsion 
 
Often idiopathic disorders associated with femoral torsion may be post-
traumatic or due to certain pathological conditions, such as cerebral palsy. Whatever 
their cause, many studies have shown that deformations in the axial plane may have 
an influence on the development of various knee pathologies, such as femoro-patellar 
instability, gonarthrosis, or even coxarthrosis. To deal with these rotational disorders 
of the lower limb, an accurate and reproducible way of measuring femoral torsion is 
essential. 
Femoral torsion measurement is subject to greater debate. The main difficulty 
with this measurement lies in determining the axis of the femoral neck. Several 
described methods rely on axial slices in order to determine the orientation of the 
femoral neck. However, the choice of slices strongly influences the value being 
measured. 
The femoral torsion, also known as femoral anteversion, is described in the 
literature as the angle defined by the plane tangent to the posterior condyles and the 
axis that passes through the centers of the femoral head and femoral neck (Figure 14) 
[46]. 
 
 
 
 
 
Figure 14: Femoral torsion (double-headed arrow) in a 3D proximal and distal femur. 
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 Although various techniques such as ultrasound, fluoroscopy and MRI have 
been described, computed tomography (CT) remains the "gold standard" for 
measuring femoral torsion [47]. However, this method has been questioned in several 
articles, since the measurement is distorted by femur positioning [48, 49]. 
The purpose of this study was to evaluate the correlation between CT and EOS 
measurements of femoral torsion. We hypothesized that CT measurements of torsion 
would be related to rotational range of motion. In this context, some questions have 
arisen: is the CT measure of femoral torsion reliable? Does position of the femur 
have an influence on the measure of its torsion? 
For this work, 20 femurs of dry cadaver specimens were selected and imaged 
both with a private clinic’s scanner and with EOS. Each femur was imaged in the 6 
following positions: neutral (by aligning the mechanical axis of the femur with the 
axis of movement of x-ray source), 10° of abduction, 10° of adduction, 5° of flexion, 
10° of flexion and 5º of extension. 
These positions have 
been suggested by a 
clinician, who supervised 
me in this study, as they 
truthfully represent the 
positioning of patients upon 
scanner examinations. In 
order to produce these 
different inclinations, three 
wooden wedges were built 
(Figure 15), with a 
radiolucent foam between 
the femurs and the wooden wedges (Figure 16). 
 
Figure 15 : Wooden wedges and their inclination to 
produce 5º of flexion (left) and 10º of flexion (right). 
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Figure 16 : Wooden wedges and their inclination to produce 5º of extension (left), neutral 
position (right – red line), 10º of abduction and 10º of adduction. 
 
 CT measurement 
 
Femoral torsion was measured using a CT scanner (Somaton, Siemens, AS 40 
slice definition, Erlangen, Germany). Working from a frontal topogram, two 
acquisition zones (hip and knee) were defined. For each zone, 1.25 mm thick slices 
were acquired in compliance with the manufacturer’s protocol. The femurs were 
fixed in the several positions, attached to the wedges in order to avoid any 
mobilization during image acquisition. 
The femoral torsion measurement was carried out in accordance with the 
method described by Reikeras et al. [46] (Figure 17). Two slices were first 
superimposed in order to determine the femoral neck axis: one in the center of the 
femoral head and another going through the middle part of the femoral neck (where 
anterior and posterior cortices are parallel). The neck axis was defined on the 
superimposition of both slices as the line passing through the center of the femoral 
head and the midpoint of the diameter of the neck. The femoral bicondylar axis was 
determined as the dorsal line tangent to the femoral condyles, on a slice acquired at 
the most convex point of the femoral condyles, often marked by the fabella when it is 
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present or by the “roman arch” shape of the notch. The angle of femoral torsion was 
measured between the neck axis and the bicondylar axis. It was considered positive 
for anteversion and negative for retroversion. 
The measurements were made using ORS Visual (Object Research Systems, 
Montreal, Canada) (Figure 19). 
 
 
 
 
 
 
 
Figure 17 : Method described by Reikeras et al. to determine femoral torsion. 
 
EOS measurement 
 
 On the basis of a biplanar acquisition, an operator can visualize the femur’s 
bony envelope in 3D using specially-designed software (SterEOS, EOS imaging, 
Paris, France). Working from 3D models, the software automatically calculates a set 
of clinical parameters for the lower limb, including femoral torsion [50]. On the 
femur model, the axis of the femoral neck (joining the center of the femoral head to 
the base of the femoral neck) and the dorsal tangent line to the femoral condyles are 
semi-automatically determined. The femoral torsion is calculated between the 
projections of these two lines on the transversal plane of the femur (defined as 
orthogonal to the femoral mechanical axis) (Figure18). 
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Figure 18 : Femoral torsion calculated in SterEOS. 
 
 CT and EOS are thus superimposable in terms of anatomical landmarks used 
for the measurements (femoral neck axis and dorsal lines tangent to the femoral 
condyles). 
 
 
Figure 19 : ORS software and femoral torsion. 
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CHAPTER 5     RESULTS 
 
4.1. Pelvic parameters 
 
2D vs 3D measures 
 
The average age of patients was 46 ± 22 years. The inter-observer 
reproducibility was excellent and equivalent to the three parameters in both 2D and 
3D, with all coefficients between 0.95 and 0.99 (Table 1). 
 
Table 1 : Intraclass correlation coefficient (ICC) of 2D and 3D measurements. 
 
 
 
 
 
 
Table 2 : 2D and 3D measurements of pelvic parameters made in the radiographies 
of patients. 
 
 
All patients had a pelvic rotation below 10° and 78% had pelvic rotation less 
than 5°. 
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Influence of rotation on the phantom 
 
By default, when the pelvis rotates towards the right side, the rotation becomes 
negative; when pelvis is rotated towards the left side, the rotation is positive (Figures 
20, 21, 22). 
 
 
 
 
 
 
 
 
 
 
Figure 20 : 2D and 3D measures of phantom’s pelvic incidence according to 
the rotation applied. 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 : 2D and 3D measures of phantom’s sacral slope according to the rotation applied. 
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Figure 22: 2D and 3D measures of phantom’s pelvic tilt according to the rotation applied. 
 
 
There was a correlation between 2D measures and rotation applied to the 
phantom (ρ = 0.63 for the pelvic incidence, ρ = 0.77 for the sacral slope, ρ = 0.63 for 
pelvic tilt). In 3D measures, only the pelvic tilt showed a dependence towards the 
rotation applied (ρ = 0.08 for the pelvic incidence, ρ = -0.21 for the sacral slope, ρ = 
0.72 for the pelvic tilt) (Figure 23). 
 
 
 
 
 
 
 
 
 
Figure 23: Influence of rotation on 2D measurement of the sacral slope (left) and pelvic tilt 
(right). 
 
48 
 
 
Conclusions 
 
  In a cohort of 80 EOS acquisitions, measuring pelvic parameters in 2D and 3D 
had an excellent inter-observer reproducibility. 
2D measures of pelvic incidence and sacral slope were significantly different 
from those obtained in 3D (Tab. 2). 22% of patients have the pelvis radiographed of 
more than 5° with respect to the ideal position. 
Moreover, the pelvic rotation significantly influences the measures of pelvic 
parameters in 2D. 3D measurement of pelvic incidence and sacral slope is not 
affected by the rotation of the pelvis. Only the pelvic tilt does not vary significantly 
between 2D and 3D as it is influenced by the rotation in both 2D and 3D. 
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4.2. Femoral mechanical-anatomical angle 
 
 In this study, 2D and 3D measurement of FMA on an osteoarthritic population 
were compared, in order to evaluate the interest of this new 3D method in clinical 
routine. Then, it was aim to confirm that 3D FMA measurement is not affected by a 
potential limb rotation during acquisitions (Figure 4). This was done using 2 physical 
models of femurs of 2 patients obtained with a 3D printer. 
 
Osteoarthritic patients 
 
 The average age of patients was 69 ± 12 years. 
 
 
Figure 24 : Distribution of the FMA angle in the studied sample. 
 
The absolute difference between 2D and 3D measurements was 0.6° ± 0.5° (ρ 
= 0.07) with a maximum difference observed at 2.8°. In 5.7% of cases, the difference 
between FMA 2D and FMA 3D exceed 1.5° (Table 3). 
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Table 3 : Repartition of the differences between 2D and 3D measurements. 
 
 
 
 
 
 
 
Table 4 : 2D and 3D measurements of FMA angle obtained by EOS compared with 
similar studies. 
 
 
 
 
 
 
 
Table 5 : Published data of similar studies. 
 
 
 
 
 
 
 
 
 
 
a) Deakin; Knee. 2012 Mar; vol. 19(2) pp. 120-3 
174 radiographies arthritic knees (157 patients, 87 women and 70 
men, mean IMC of 31.8) 
 
b) Desmé; Rev Chir Orthop Reparatrice Appar Mot. 2006 Nov; vol. 92(7) pp. 673-9 
136 genu varum and 28 genu valgum among candidates for total 
knee arthroplasty,  by using digital radiographies 
 
c) Kharwadkar; Knee. 2006 Jan; vol. 13(1) pp. 57-60 
CT films of 83 patients with arthritic knees (44 men and 39 women), 
among candidates for total knee arthroplasty 
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Physical models 
 
By default, external rotation becomes positive while internal rotation is 
negative (Figures 25, 26). 
 
 
 
 
 
 
 
 
 
 
Figure 25 : 2D and 3D measurements of the FMA angle in flat femur varying the rotation. 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: 2D and 3D measurements of the FMA angle in bowed femur varying the rotation. 
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The 2D measure was strongly correlated with rotation (ρ = 0.66 for the flat 
femur and ρ = 1 for the bowed femur), unlike 3D measurement (ρ = 0.55 for the flat 
femur and ρ = 0, 02 for the bowed femur).  
 
Conclusions 
 
We found in our population of arthritic knees a mean 3D FMA of 5.4, in 
accordance with other published data (Table 5). 
 There was no statistically significant difference between the mean of 2D 
measurement and the mean of 3D measurements. However, the variance of 2D 
measurements was higher than the variance of 3D measurements (p < 0.01). 
2D measurement found 17 lower limbs outside the [3º - 9º] range of FMA. 
According to the 3D measurement, only 6 were outside this range. 
We conclude that axial rotation has an impact in the measurement of FMA 2D, 
particularly if the sagittal bowing of the femur is important (Figure 26). 
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4.3. Femoral torsion 
 
SPSS 15.0 software package was used for the statistical analysis. A descriptive 
statistical analysis was first carried out for the complete set of data. The t-student test 
for paired samples was used to determine whether there was a significant bias 
between the two methods. 
 
 
 
 
 
 
 
 
 
Figure 27 : Mean and error bars of femoral torsion from each imaged femur. 
 
The t-student test found some significant differences between the two 
measuring techniques, particularly in flexion, extension and adduction positions 
(Table 6). 
 
Table 6 : Mean EOS and CT measurements of femoral torsion for each position. 
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Conclusions 
 
CT is considered the method of choice to determine torsion or rotational 
malalignment of the femur. Although some authors have questioned it, in the 
literature and daily practice CT measurements are always considered highly accurate. 
This high accuracy of measurements is necessary in order to perform treatments such 
as osteotomies to correct post-traumatic rotational deformities. 
This study revealed that the accuracy of CT-determined femoral torsion is 
questionable. Between two measurements in different positions there was a mean 
difference of 10.3°. The inaccuracy in measuring the CT image is due mainly to the 
inaccuracy in drawing the line through the femoral neck. In my opinion, CT slices not 
imaging the femoral head, femoral neck, and greater trochanter in one image caused 
the problem. Since the regular CT slices are perpendicular to the femoral shaft, there 
was often not one particular slice exactly crossing all three anatomical structures; this 
occurs only in the abduction. It then proves to be difficult to define a line 
representing the femoral neck axis. 
CT accuracy is not improved by taking the average of more measurements and 
a more accurate measuring method like EOS is warranted to accurately assess 
femoral torsion in patients. 
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CHAPTER 6     ARTHROPLASTY’S SOFTWARE PLANNING 
 
This work arises mainly due to a surgical need. During a total knee arthoplasty 
(TKA), some surgeons reveal the will of having an additional support, beyond the 
simple use of the rods. Moreover, the use of rods should be avoided because it may 
represent a source of error [51, 52]. 
 
Clinical aspects 
 
The challenge was to develop a prototype software of knee’s slicing that allows 
to know the distance of the cutting plane to both condyles, as well as to do a pre-
operative simulation. 
This prototype has the distinction of always doing the “cut” orthogonal to the 
femur and tibia mechanical axes. In the case of the femur, this may be an advantage 
because there is no need to measure the FMA angle prior to surgery. Thus, the use of 
rods can be avoided. 
 
 Technical aspects 
 
In this work, Matlab 7.5 was used as the main tool (Figure 29). A menu was built 
with the graphical interface and some functions were automatically generated. As 
input data, 3D reconstruction of the lower limbs and anatomical landmarks obtained 
by SterEOS were used (Figure 28). 
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Per patient: 
- 4 DICOM files and subsequent .wrl files containing bone models, 
- 1 text file containing the coordinates of points on which the calculation is 
based, including: 
- mechanical axis 
- center of the femoral head 
- center of the trochlea 
- posterior medial/lateral condyles 
- tangential axis of the distal condyles 
- axis connecting the centers of the tibial plateau 
- tangential axis of the tibial plateau 
- bimalleolar axis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28 : Followed workflow to obtain input data. 
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Programming stages 
 
1. Read of DICOM files, femur coordinates and display of wrl files. 
2. Change of reference using a transfer matrix: 
- EOS reference  local reference of the bone 
- Local reference of the bone (origin = center of the trochlea) 
 Z-axis through the center of the femoral head and the origin 
 X-axis through the origin and orthogonal to the Z-axis (anteroposterior) 
 Y-axis through the origin and orthogonal to the X and Z-axis (right to left) 
3. Positioning and movement of cutting plan in 3D space (initial cutting plan in 
frontal view). 
4. Calculation of distance to both condyles. 
 
 
Figure 29 : Fragment of the algorithm (function that undoes the bone cut). 
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Sequence of use 
 
When launching the software, it will display the lower limbs set. Then, the 
laterality and first bone to “cut” should be chosen. After choosing the condyle 
reference, the cutting plane is displayed and the distance to each condyle is calculated 
(Figure 30). The cutting plane can be moved vertically and, each time it is done, the 
distances to the condyles are recalculated. Finally, the cutting plane is adapted to fit 
with bone surface and cut is made, making the cut fragment invisible. 
 
. 
Figure 30: Overview of the software. 
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Future work 
 
- automatically fit of the cutting plane to bone surfaces, 
- to develop “cuts” in different inclinations from the orthogonal to the 
mechanical axis, 
- display pre- and postoperative parameters, 
- visual correction of mechanical axis, including the HKA (Hip-Knee-Ankle) for 
a proper alignment of the entire lower limb (it can be achieved by translation of 
bones along X and Y directions). 
 
60 
 
 
CHAPTER 7     CONCLUSIONS 
 
 
This paper traces the path of my six months internship within the medical 
imaging company EOS Imaging. The purpose of my internship was to participate in 
some clinical studies in order to assess preoperatively, positioning of the pelvis and 
lower limbs from frontal/lateral EOS acquisitions. 
Clinical studies were lead on three main issues: the measure of pelvic 
parameters, femoral mechanical-anatomical angle and femoral torsion. The order of 
the tasks that was followed was chosen according to availability and study partners. 
The interest of the EOS imaging system is, in addition of using a low radiation 
dose, that it allows to take radiographs of patients in a standing (weight-bearing), 
sitting or squatting position. Thus, the lower limb joints can be analyzed in a 
functional position. 
 
Following the study of pelvic parameters, it was decided to submit it to 
SOFCOT (Société Française de Chirurgie Orthopédique et Traumatologique) and it 
was also presented in SFCR Congress (Société Française de Chirurgie Rachidienne) 
from 7 to 9 June 2012, in Strasbourg. 
The study of the femoral mechanical-anatomical angle was also submitted and 
will be presented at SOFCOT. 
Currently, my work with the arthoplasty software is being integrated into the 
software marketed by EOS Imaging, which will later develop other slicing in 
different inclinations from that orthogonal to the mechanical axis, as well as to 
display the pre-and postoperative parameters, including the HKA (Hip-Knee-Ankle) 
angle for visual correction. 
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The internship was a very rewarding experience, both on a professional and 
personal point of view. I had the chance to discover the world of an innovative 
company in the medical imaging market. Their products, the EOS 2D/3D imaging 
system associated with the 3D reconstruction workstation SterEOS, suggest some 
promising prospects. 
From the beginning I had to familiarize myself in one hand, with anatomy 
(bones and joints) of the pelvis and lower limbs, which allowed me to acquire basic 
knowledge in orthopedics and radiology, and on the other hand, with Matlab, which 
is a programming tool almost essential in this area. I also had the opportunity to 
manipulate the EOS equipment, making acquisitions on the pelvic phantom for the 
study of pelvic parameters, and in femurs for the study of torsion. 
 
This internship also allowed me to learn the standards of statistics used to 
evaluate the correlation between measures and reproducibility between operators. I 
saw the difficulty in comparing measures obtained in the literature, as the employed 
statistical methods are rarely explicit. I also had the opportunity to gather feedback 
from medical staff. I was able to contribute to the updating of the literature database, 
using the EndNote software. Thus, I was able to interact with the marketing and 
development teams of EOS Imaging, clinicians, surgeons and technicians. 
 
62 
 
 
REFERENCES 
 
 
 
1. Illes, T. and S. Somoskeoy, The EOS imaging system and its uses in daily orthopaedic 
practice. Int Orthop, 2012. 36(7): p. 1325-31. 
 
2. Deschenes, S., et al., Diagnostic imaging of spinal deformities: reducing patients radiation 
dose with a new slot-scanning X-ray imager. Spine (Phila Pa 1976), 2010. 35(9): p. 989-94. 
3. Than, P., et al., Geometrical values of the normal and arthritic hip and knee detected with 
the EOS imaging system. Int Orthop, 2012. 36(6): p. 1291-7. 
 
4. Lazennec, J.Y., A. Brusson, and M.A. Rousseau, Hip-spine relations and sagittal balance 
clinical consequences. Eur Spine J, 2011. 20 Suppl 5: p. 686-98. 
 
5. Chanplakorn, P., et al., Lumbopelvic alignment on standing lateral radiograph of adult 
volunteers and the classification in the sagittal alignment of lumbar spine. Eur Spine J, 
2011. 20(5): p. 706-12. 
 
6. Vialle, R., et al., Radiographic analysis of the sagittal alignment and balance of the spine in 
asymptomatic subjects. J Bone Joint Surg Am, 2005. 87(2): p. 260-7. 
 
7. Le Huec, J.C. and P. Roussouly, Sagittal spino-pelvic balance is a crucial analysis for 
normal and degenerative spine. Eur Spine J, 2011. 20 Suppl 5: p. 556-7. 
 
8. Berge, C., Heterochronic processes in human evolution: an ontogenetic analysis of the 
hominid pelvis. Am J Phys Anthropol, 1998. 105(4): p. 441-59. 
 
9. Marketos, S.G. and P. Skiadas, Hippocrates. The father of spine surgery. Spine (Phila Pa 
1976), 1999. 24(13): p. 1381-7. 
 
10. Murray, D.W., The definition and measurement of acetabular orientation. J Bone Joint Surg 
Br, 1993. 75(2): p. 228-32. 
 
11. Boulay, C., et al., Sagittal alignment of spine and pelvis regulated by pelvic incidence: 
standard values and prediction of lordosis. Eur Spine J, 2006. 15(4): p. 415-22. 
 
12. Felson, D.T. and Y. Zhang, An update on the epidemiology of knee and hip osteoarthritis 
with a view to prevention. Arthritis Rheum, 1998. 41(8): p. 1343-55. 
 
13. Abadie, E., et al., Recommendations for the use of new methods to assess the efficacy of 
disease-modifying drugs in the treatment of osteoarthritis. Osteoarthritis Cartilage, 2004. 
12(4): p. 263-8. 
 
63 
 
 
14. Brouwer, G.M., et al., Association between valgus and varus alignment and the development 
and progression of radiographic osteoarthritis of the knee. Arthritis Rheum, 2007. 56(4): p. 
1204-11. 
 
15. Jackson, B.D., et al., Reviewing knee osteoarthritis--a biomechanical perspective. J Sci Med 
Sport, 2004. 7(3): p. 347-57. 
 
16. Terjesen, T., et al., Increased femoral anteversion and osteoarthritis of the hip joint. Acta 
Orthop Scand, 1982. 53(4): p. 571-5. 
 
17. Giori, N.J. and R.T. Trousdale, Acetabular retroversion is associated with osteoarthritis of 
the hip. Clin Orthop Relat Res, 2003(417): p. 263-9. 
 
18. Eckhoff, D.G., et al., Femoral anteversion and arthritis of the knee. J Pediatr Orthop, 1994. 
14(5): p. 608-10. 
 
19. Ettinger, W.H., et al., Long-term physical functioning in persons with knee osteoarthritis 
from NHANES. I: Effects of comorbid medical conditions. J Clin Epidemiol, 1994. 47(7): p. 
809-15. 
 
20. Kraus, V.B., et al., A comparative assessment of alignment angle of the knee by 
radiographic and physical examination methods. Arthritis Rheum, 2005. 52(6): p. 1730-5. 
 
21. Hinman, R.S., R.L. May, and K.M. Crossley, Is there an alternative to the full-leg 
radiograph for determining knee joint alignment in osteoarthritis? Arthritis Rheum, 2006. 
55(2): p. 306-13. 
 
22. Crane, L., Femoral torsion and its relation to toeing-in and toeing-out. J Bone Joint Surg 
Am, 1959. 41-A(3): p. 421-8. 
 
23. Gelberman, R.H., et al., The association of femoral retroversion with slipped capital 
femoral epiphysis. J Bone Joint Surg Am, 1986. 68(7): p. 1000-7. 
 
24. Fabry, G., G.D. MacEwen, and A.R. Shands, Jr., Torsion of the femur. A follow-up study in 
normal and abnormal conditions. J Bone Joint Surg Am, 1973. 55(8): p. 1726-38. 
 
25. Tomczak, R.J., et al., MR imaging measurement of the femoral antetorsional angle as a new 
technique: comparison with CT in children and adults. AJR Am J Roentgenol, 1997. 
168(3): p. 791-4. 
 
26. Hoiseth, A., O. Reikeras, and E. Fonstelien, Evaluation of three methods for measurement of 
femoral neck anteversion. Femoral neck anteversion, definition, measuring methods and 
errors. Acta Radiol, 1989. 30(1): p. 69-73. 
 
27. Sugano, N., P.C. Noble, and E. Kamaric, A comparison of alternative methods of measuring 
femoral anteversion. J Comput Assist Tomogr, 1998. 22(4): p. 610-4. 
 
64 
 
 
28. Farrar, M.J., et al., Computed tomography scan scout film for measurement of femoral axis 
in knee replacement. J Arthroplasty, 1999. 14(8): p. 1030-1. 
 
29. Lam, L.O. and D. Shakespeare, Varus/valgus alignment of the femoral component in total 
knee arthroplasty. Knee, 2003. 10(3): p. 237-41. 
 
30. Moreland, J.R., Mechanisms of failure in total knee arthroplasty. Clin Orthop Relat Res, 
1988(226): p. 49-64. 
 
31. Clayton, M.L., T.R. Thompson, and R.P. Mack, Correction of alignment deformities during 
total knee arthroplasties: staged soft-tissue releases. Clin Orthop Relat Res, 1986(202): p. 
117-24. 
 
32. Dixon, M.C., et al., Modular fixed-bearing total knee arthroplasty with retention of the 
posterior cruciate ligament. A study of patients followed for a minimum of fifteen years. J 
Bone Joint Surg Am, 2005. 87(3): p. 598-603. 
 
33. Jeffery, R.S., R.W. Morris, and R.A. Denham, Coronal alignment after total knee 
replacement. J Bone Joint Surg Br, 1991. 73(5): p. 709-14. 
 
34. Taylor, M. and D.S. Barrett, Explicit finite element simulation of eccentric loading in total 
knee replacement. Clin Orthop Relat Res, 2003(414): p. 162-71. 
 
35. Bankes, M.J., et al., The effect of component malalignment on the clinical and radiological 
outcome of the Kinemax total knee replacement. Knee, 2003. 10(1): p. 55-60. 
 
36. Lazennec, J.Y., et al., Acetabular anteversion with CT in supine, simulated standing, and 
sitting positions in a THA patient population. Clin Orthop Relat Res, 2011. 469(4): p. 1103-
9. 
 
37. Morvan, G., et al., Standardized way for imaging of the sagittal spinal balance. Eur Spine J, 
2011. 20 Suppl 5: p. 602-8. 
 
38. Lotke, P.A. and M.L. Ecker, Influence of positioning of prosthesis in total knee replacement. 
J Bone Joint Surg Am, 1977. 59(1): p. 77-9. 
 
39. Swanson, K.E., et al., Does axial limb rotation affect the alignment measurements in 
deformed limbs? Clin Orthop Relat Res, 2000(371): p. 246-52. 
 
40. Radtke, K., et al., Effect of limb rotation on radiographic alignment in total knee 
arthroplasties. Arch Orthop Trauma Surg, 2010. 130(4): p. 451-7. 
 
41. Deakin, A.H., et al., Natural distribution of the femoral mechanical-anatomical angle in an 
osteoarthritic population and its relevance to total knee arthroplasty. Knee, 2012. 19(2): p. 
120-3. 
 
42. Kharwadkar, N., et al., 5 degrees to 6 degrees of distal femoral cut for uncomplicated 
primary total knee arthroplasty: is it safe? Knee, 2006. 13(1): p. 57-60. 
65 
 
 
43. Bardakos, N., et al., Mechanical axis cannot be restored in total knee arthroplasty with a 
fixed valgus resection angle: a radiographic study. J Arthroplasty, 2007. 22(6 Suppl 2): p. 
85-9. 
 
44. Chaibi, Y., et al., Fast 3D reconstruction of the lower limb using a parametric model and 
statistical inferences and clinical measurements calculation from biplanar X-rays. Comput 
Methods Biomech Biomed Engin, 2012. 15(5): p. 457-66. 
 
45. Harma, A., et al., The comparison of femoral curves and curves of contemporary 
intramedullary nails. Surg Radiol Anat, 2005. 27(6): p. 502-6. 
 
46. Reikeras, O., I. Bjerkreim, and A. Kolbenstvedt, Anteversion of the acetabulum and femoral 
neck in normals and in patients with osteoarthritis of the hip. Acta Orthop Scand, 1983. 
54(1): p. 18-23. 
 
47. Botser, I.B., et al., Femoral Anteversion in the Hip: Comparison of Measurement by 
Computed Tomography, Magnetic Resonance Imaging, and Physical Examination. 
Arthroscopy, 2012. 
 
48. Hermann, K.L. and N. Egund, CT measurement of anteversion in the femoral neck. The 
influence of femur positioning. Acta Radiol, 1997. 38(4 Pt 1): p. 527-32. 
 
49. Jaarsma, R.L., et al., Computed tomography determined femoral torsion is not accurate. 
Arch Orthop Trauma Surg, 2004. 124(8): p. 552-4. 
 
50. Gheno, R., et al., Three-dimensional measurements of the lower extremity in children and 
adolescents using a low-dose biplanar X-ray device. Eur Radiol, 2011. 
 
51. Novotny, J., et al., Geometric analysis of potential error in using femoral intramedullary 
guides in total knee arthroplasty. J Arthroplasty, 2001. 16(5): p. 641-7. 
 
52. Reed, S.C. and J. Gollish, The accuracy of femoral intramedullary guides in total knee 
arthroplasty. J Arthroplasty, 1997. 12(6): p. 677-82. 
 
 
